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I ABSTRACT

This program was a study of' the processes used in the manufacture of'I 20-end ECG fibrous-glass roving and preimpregnated roviing made from it. ThGe

program was composed of' two independent phases. Phase 1 was a t ritical analysis

of' the various steps invclvr-d in the manufacture of glass roving from the point

of' drawing glass filamuents to packaging and shipment -f th= produc.-t. The pur-

j pose was to Astablish optimum procedures which wou:.d lead a rptention of~ a

greater proDportion of the fibers "virgin" strength, T s s- 1t f'-)r e~ight

I experimental lots of' roving prc duced fo~r this study are pres:it~d. Datas includes

gravimetric measurements and tensile strength of' the Aero:RCVE strands, NOL rings,

and 18-in. -dia chamber f'cr bcth- dry and preimpregnated rovirigs. TProdu-,tion pre-

impregnated rovings In which were in,:.-rpora1-ed improvemntrs de vploped during

thib przgram have shown a tensile strength inc:=rase o~f approximat' IY 25f. Also,
i mprovemeatas res'2;-ting in more u-nifz±-r !Lineal. weight. and sizing c:te~nt of roving

have beer achieved.

IPhase I-I was a prepreg manufacturing process variable study. The purpose

of' this study was to obtain a clearer and more queititative understanding of the

I effects of' preimpregriation manufacturing parameters on the properties of prepreg

roving. Sixteen experimental runs were made 40 investigate seven process variables,

and two runa were made to improve and contrrl resin conk.F-nt In prepregs by appli-

cation of specially deei~ned devizes. inspection te, -a*% for all these material

lots are presented, as well as specific process coniditionz used to produce these

lots. These datat include gravimetric measurements (volatile, resin content, and

weight per linear yard), resin flow, gel time, viscosity index, and tensile strength

(both AeroROVE strands and NOL rings). A viscosity-1xidex test was developed to
measure the degree of resiri polymeriz~ation and applied successfully to the analysis

of the effects and the sensitivity of pmreg to variations in the parameters of

p.I-timprepating processing. An approach to sett ing quartitative control limits

jin. the Maruf'actuAre Iof prepreg has been demonstrated by the application of the via-

-sity-index test as a Means of c~orrelating differences ir. pro _Assing characteristics
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I. INTRODUCTION

This program was a joint effort of Owens-Corning Fiberglas Corp., U.S.

Polymeric Chemicals, Inc., and Aerojet-General Corp. The purpose of the program

f was to develop an improved, preimpregnated glass-fiber material (prepreg) suit-
able for use in filament-wound motor cases capable of withstanding tensile strength

(fiber-stress) levels of from 375,000 to 400,000 psi.

The original program was to cover an 8-month period and was to be divided

into two phases. Phase I was to establish optimum procedures for fabrication,

handling, and shipping glass roving and for applying controlled quantities of

resin to glass-roving materials. Specific tasks on Phase I were: (a) fabrica-

tion of eight 100-lb lots of E-glass with HTS sizing by Owens-Corning under con-

trolled, documented conditions; (b) determination by Aerojet of the mechanical

properties of each lot of glass; (c) impregnation by U.S. Polymeric of each lot

of glass under controlled, documented conditions; (d) evaluation of each lot of

prepreg by Aerojet; and (e) preparation of tentative material and process speci-

fications for high-strength, high-quality prepreg. Phase 11 was to be a confir-

ation of the positive results of Phase I with a larger sampling of aterial pre-

pared under production corditions.

jImprovements in strength of production glass roving by incorporating

changes which were developed for the first. few lots of this program negated the

need for Phase II as originally planned. Phase II was changed to a critical

study of the preimpregnat ion process and its effect upon the processing character-

istics, of' prepreg. Since Phases I and 11 in the revisaed proiam- vew osorel

Independent studies, for the sake of clarity they vill be treated separately In

this report.

MI4 . "_
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1I. PHASE I -STUDY OFP ROVING FORMING PROCESS

A. DESCEIPION OF STUDY

j In filament winding, the basic type of reinforcement currently in

use is unwoven glass filament in the formi of multiple-end roving. Figure 1 is

a schematic rendering of the process which is used to produce roving and includes

all the basic operations applied to the glass fiber prior to its impregnation
with a resin. The important steps in the process shown in Figure 1 are as follow:

11. Blending of raw materials used In the glass (A)

2. Melting ofteglass rev materials (B)

3. Formation of the glass marbles (C)

14. Remelting of glass marbles in a bushing (D)

5. Gravity extrusion of glass through orifices in the bushing

and formation of "virgin" fibers (E)

6. Aplication of size or finish to fibers (F)

T. Collection of fibers into a single end (0)

j8. Winding of single end onto forming tube or cake ptks (1)

9. Oven bokeout of forming tube to remove ecess valatiles from
j sizing (I)

10. Placement of a group of forming tubes on a creel, (J)

11. Collection of a group of single ends throu& a Wid g ae to

form a roving (K)

I 12. Windup of the roving to form a roving *pool (%)

13. ?e~glne and shipment of roving (M).

aut fter ftop 5 (Figur* 1,1) fibers foed fra34 Itypo a .~

peitio haVe beft reported 1y naerous observers to hmv strengh JA eoa at

5OO,~O et.A shrt ~i nlosy 94 o ftis streagws or a%#=~ psi, "e
00 '10p, "n maw etdatrtpZ. ~ o
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II Phase I -Study of Rloving Forming Process, A (cont.)

Phae Iof hisproramwasto analy ze c ritically all steps in the roving forming

which would lead to a retention of a greater proportion of the original strength

of the fibers.

expeimetalThe approach taken to this problem involved the preparation of
expeimetallot ofroving by Owens-Corning. Each experimental lot incorporated

certain potential improvements and consisted of ten 10-lb rolls of 20-end roving.

Each lot was 100f inspected by Owens-Corning, using the following tests.*

lay strand yardage
v aywind roving yardage
package length strand moisture
diameter strand volatiles
roving weight, net strand solidsIcentering on tube roving moisture
strand width roving volatiles*1strand spacing roving solids
stops/doff wetout rate
fuzz content laminate clarity
stiffness shellingIribbonization catenary
end count durometer hardness

tensile strength

IEach experimental lot, of roving was shipped to Aerojet, Structural
Materials Division, where the fnllowing tests were performd: (1) vinl strand

j strength, (2) 1/16-in. N0L-ring strength, (3) isaition lose, (4) wight per limal

yard,. and (5) 18.1n'dia chamber strength.

I The roving was then preimpregnaed by U.S. Polymeric vith 3487 type
resin under constant impregnating conditions. It was then tested *@af by Aerojet

for possible strength losses due to prelupregnation. The prepreg teats applied
by AoJt Vera the followifg; (1) prePreg strand strength.. (a) 1/6-i1a, I~a~

Istrength, ( v olatile content, rZ) eslin content, and (5) 18U.4dio chimb
4triangth,

5 wera4orfling tiberglas Corp. Cstor Acceptowt Standards TP-2)45, 21 September
1-961,
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II Phase I -Study of Roving Forming Process, A (cont.)

All significant changes leading to improved strength or quality in

f the roving which were noted during the course of this program were to be in-

corporated into the standard production process by Owens-Corning.

B. DESCRIPTION OF' EXPERIMMMNTL WDS OF ROVING

1. Lot 1 - im~proved Package

ja. More uniform tension was applied to each individual

strand (end) through the use of' more efficient guide eyes, alignent, and posi-

tioning. Automatic knock-off devices were maintained in the thread line to aid

in assuring absolute end count (Step Il).

Ib. Incorporation of an "interlocking wayi nd." This refers
to the internal chartacteristic of' the roving package in the sense that eachI successive band (wrap) tends to lock preceding bands in place. Its use is to

give greater stability to the roving package and to prevent slouhing (Step 12).

I C. Development of a flatter band. This was accomplished
through use of newer techniquee in the areas of winding equipment, guides, and

I roving-package tensioning (Step 12).

d. Use of a stronger roving ball core. 'The need for greeter

j strength was to preclude collapsing of the ball after preparation and during

shipping (Steps 12 and 13).

e.* End caps were employed to protect the prepared bell
during handling, shipping, and storage. Th~e core was changed for the same basic

reason to a longer tube with a knurled surface to help prevent slipping of the

ball on the core after productica and to allow for end pads and caps (ftep 13).

f. The roving was sealed in a polyethylene bog to protect

it from contamination by moisture and foreign matter sad to impress upon pro-
Alctiona parsocne the "speciel' ntuare of the produact being "*outootia. (tp 3

g# The package hardness characteristics were improved by

ti~tening the winding specificationis to achieve more consistent measuresmts and

WNimbn in areptheses; in 8ect~on IUB refer to-the respective processing steips
~au~~be4 i Zant~1'A.
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and setting minimum hardness limits in order to achieve better product uniformity

(Step 12).

h. A larger and stronger shipping carton was developed to

provide necessary space to package the roving, including changes made in d, e,

and f above, and for additional protection to the product during shipping and

warehousing (Step 13).

i. A new palletizing method was used consisting of three

t layers per pallet (24 cartons per layer) with corrugated layer caps over each
layer to interlock the load. Damage-free freight cars were used to permit separa-

tion of a carload lot by means of cross bars In such a manner as to preclude

shifting of the entire load in transit and to guard against~ other damage (Step 13).

2. Lot 2 - More Uniiform Surface Treatment (Step 1Q)

a. Only a portion of each forming tube wes used based on

j sizing migration curves. That portion w~here lowest variation was measured was

used to prepare this lot of roving.

b. Distribution or migration curves of variation of sizing
content within forming cake packagesa have been developed for JIT forming stock.

Various degrees of migration are measurable in many types of fo!ming stock,
including flTS.-

3. Lot 5- Improe Strand and Bayin We~t Variatioq

a. Input was selected for uniformity In stmad coating p~lus

better-than-standard control of bare glass yards per pound (Steps 5 and6)

b. Only two bells of roving were prepared from each set of
20 pre-tested tubes to minimize variation in wei~tt per yard du~e to possible,
migration effects. This mthod was used in an attempt to asure & uintm varia-
tion in wight per yard throiagout the..ao soqp ng Wck".

*Additional details considered proprietary infortion by Owns-Corning andJ therefore not supplied by themo

-05j # .

127 K 
zi-J
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II Phase I - Study of Roving Forming Process, B (cont.)

1 4. Lot 4 - Roving Stiffness Variation (Step 9)

ISeveral methods of increasing the stiffness of HTS roving were

investigated. The method which was selected yielded the most consistent results

with a minimum difference in other characteristics or measurable properties.
Additional heat application was the approach taken.

3 5. Lot 5 - Package Moisture Variation

The roving was exposed to high humidity conditions for a

I period of time and rechecked for evidence of moisture penetration. Testing by

Owens-Coming revealed moisture introduction at a level of O.l or less. Re-

testing of significant properties exhibited lower degree of wetout. (The con-

clusion of Owens-Corning was that a meaningful amount of moisture had been in-

troduced into interstices of the roving package. However, it was their conten-

tion that the strand coating had not been penetrated to any significant degree,

if at all.)

1 6. Lot 6 - Catenary Improvement, Parallel-Wound Package

a. According to Owens-Corning, the best thinking of Ovens-I Corning and winding equipment manufacturers was combined in several attempts to

reduce catenary, but they were unable to improve upon the available package

supplied for Lot 1.

b. Pre-Tested stock was prepared to be fabricated into

roving by the Ashton Product Development Laboratory (00?). After preparetion

four packages were sent to t+he Anderson plant for testing. %esults did not indicate all

improvement in catenary reduction. Laboratory personnel believe that the nature

of a helical-wound package was 'he major reason for their failure to accomplish

I catenary reduction.

C. It was 4ecde to use a level-v w d pokap. for this

lot. Te level-vound or parallel-vound pckoe was, in the estimatioA of Aero"Jet

*4,,d Owens.Corning, the beat way to proceed. IEsentiallyj, parallel wraps were

placed on a 4ouble-flanged spool vith spacing between successive wraps. An

A44- -- al tka d - considered. propietary Informt Ion by OvnsCorMing. an -

u l ms'
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11 Phase I -Study of Roving Forming Process, B (cont.)

available smaller-capacity spool was employed (Step 12).

17. Lot 7 - Finer Filament Input Stock (Step 5)

DE filaments (approximately 408 filaments per end) were used
j in place of the standard G filaments (204~ filaments per end).

8. Lot 8 - Zero Ribbonization

I Methods employed were a combination of heat and chemical

differences. The roving was otherwise made as nearly as possible in conformanceI with OCF CAB TP-245 (Step 9).

C. PREIMREGNATION

In this program glass roving, after testing by Aerojet, was sent

to U.S. Polymeric, where it was coated with E-787 type resin. Figure 2 ia a

schematic diagram of a typical impregnation process used to produce prepreg.
The main steps In the preimpregation process are as follows: (1) positioningI of the roving spools on a creel, (2) coating of roving with resin by passing

roving through a diluted solution of resin, (3) removal of solvent and partial

I polymerization of resin by means of heat within the drying tower, and (14) windup
of 3-staged prepreg.

IFor the preimpreguation of the experimental lots of roving,, no

deviations were allowed In the impregnation process except as required to control

resin content. The important processing parameters end their levels were:

Parameter Average Lvel

Tower temperature 360 *100?

Processing speed 61. ±0 ft/mn

Creel tension T50 s

3ssiz-ge1 time 14 *0.25 MA

D. TEST W"IST

Test data for all materials Is sumarized in Table 1 for dry Slass
an~d in Table 2 for prepreg. Data from 18-in. chambers is aisprized in Table 3.
As *ova~ to table 1, -the average lot VtreqMJ of-V Z vi q3.at*4 strands for all

t 77
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II Phase I -Study of Roving Forming Process, D (Cont.)

lots was between 302,000 and 348,000 psi. Five of the eight lots, Lots 1, 3,
14, 5 and 7, had strand strength within a much narrower range, from 335,000 to

348,000 psi. The two lots with the lowest strength, about 303,000 psi, had low

ribbonization. The average lot NOL-ring fiber strength was between 319,000 and

349,000 psi for the same five lots which had high strand strength. Lot 2 and
the lots with low ribbonization (Lots 6 and 8) had NOL-ring fiber strengths of

about 303,000 p8s.. Sizing content, as measured by ignition loss, tended to be

quite consistent with a nominal average for all lots of about 1.45f. The weight

per yard was also quite consistent at about 0.652 g.

As shown in Table 2, the lot average range for prepreg strand&. was

I between 292,000 and 340,000 Psi. In general, the prepreg strand values were
lower than the vinyl strand values for the same lots. However, NOL rings were

very ccusistent between lots and also tended to be stronger than the equivalent

in-process rings. With the exception of Lots 3 atd 6, the lot average range

for prepreg NOT. rings was 335,000 to 352,000 psi. In most Instances, the prepreg

NOL rings failed at higher stress values the," vinyl-coated strands from the same
lot. A particularly large difference of this type was noted for Lot 8, in whichI the average of 304,000 psi for vinyl strands is considerably lower than the figure

of 352,000 psi for prepreg NOL rings. The prepreg gravimeatric data tends to varyV

some what more than is desirable, although in respect to resin content, Lot 7
(DE filaments) had an unusually simll total variation between rolls (if).

I. The data from the 18-in. -chamber tests, suonrized in Table 3, does

not indicate any consistent trend. Several chambers, particularly those pre-

j pared from Lots 3 and 5 prepreg, had hoop-filament stresses greater than 330,000
psi. However, other chaters had hoop filment stresses aslow as 260,000 psi.

E. TECWICA DISCUSSI(S

Ie+f i. conistincios appar In the teat data *ea the dafta
between dry gl1ass sad prepreg saterial, and fro am test to another is coq~arod.

The preprag strond strength is ganevolly lower than the vinyl-coated strand
strength.. *,*reas tb* prepegRI"rS~ strength i Oer tJwp la-Vproo.4SM

1 A,
Vi'

_H pa
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ring strength. It was also found that the vinyl strand strength was higher in

general than in-process NOL-ring strength. However, prepreg strand is con-

sistently lower than prepreg NOL ring strength. Finally, for certain lots, in-

cluding Lots 2, 4, 5, 6, 7 and 8, the prepreg NOL-ring strength is equal to or

higher than the vinyl strand strength measured for the same glass prior to pre-
impregnation. Since strand tests, NOL-ing tests, and 18-in. -chamber tests are

f the criteria used to evaluate improvements in the prepreg, a discussion and

interpretation of this data at this point appears warranted.

f The strand test is essentially a test of pure tension,

whereas NOL ring testing, by its nature, imposes bending and shear forces which

f will cause glass failure at a lower stress level than the same glass fibers in

pure tension. If the hypotheses ar - made that the glass fibers are strongest

when stressed in pure tension, and that the preimpregnation process may or may

not lower, but will not improve, the glass strength, the data can be Interpreted

more meaningfully. First, the highest glass strengths within any given lot of

roving should have been for the vinyl strands; these values should be higher

than the corresponding NOt.-ring strengths. Since this was not true in several

instances, it can be concluded that. the vinyl strand test does not stress the

glass to its ultimate capability; actual strength of the glass, therefore, Is

*probably highier than is indicated by the test data, and the strand test data

* should be viewed as defining minimum rather than ultimate strength. The In-

f ability of the vinyl strand test to approach ultimate glass capabilities is as-

sociated with the properties of tthe vinyl resin and with the methods of griping.

A resin which has better wetting charac teristics, higher shear strength, and am

efficient shear transfer characteristics than the vinyl resin employed (i.e#, the
sum type of resin used in chamber fabrication) would probably produce hi~her

I calculated glass stresses. Also, an improved method for distributing the load

in the grip area more uniformly would also reduce borderlie grpfailures.

I 1he results dbtad with prepreg strands aroe olteau
lower than those obtained with PraprOS NWOL rings, indicating again that VVbU=m

I Meeeztt wprk in the structural Vbtlerials, Divisionl has tond-ed to verifty those

toclsm s.~ Fr ther And~ain e enta l tadt#,cral n

.7M. Otm &a v.1

No M WMP N10
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associated with the test methods have introduced some complication to the

strand, compared to the vinyl strand, still requires an explanation, since pre-

preg NOL rings and 18-in. -chambers have consistently been equivalent to the higher
U end-strength and in-process NOL rings and chambers made with the same glass.

It is particularly important to note that prepreg strand data is the .result of

a test of a composite rather than a simple test of glass strength. Although the

amount of resin present in prepreg strands is theoretically great enough to coan-

j pletely impregnate the fibers, there is little excess resin available to make up

for localized resin deficiencies, or to prevent sequential failure and peeling

j at localized fiber breaks. In addition to the low resin content, no pressure

is used in preparing specimens; therefore, little effective resin migration tuakes

place, which could compensate f'or local resin inadequacies and which could pro-

duce more uniform impregnation. Finally, In the grip area, little excess resin
is available to protect the fibers and distribute the loads created by the fric-Ition grips. The sum total of these factors can make prepreg strands very sensi-

tive to minor variations in resin distribution, spatial relations between ends,

band width, position of filament flaws, etc. Indeed, roving impregnated in the

laboratory, using the same resin systems, has yielded prepreg strand dota which
j is equivalent to or higher than the vinyl strands.

Sowe preliminary work has been done with vinyl-coted prepreg

strands, the results of which are shown in Table 14. All these sitrands were Pre-
pared in the same manner as standard prepreg strands, except that the prepreg

vas coated with vinyl resin prior to oven cure. In each case, the vinyl eoatSing

increased the failure stress significantly; the most dramtic eatect wa, noted,
on the strands which orginally failed at the lower stress lewils. 1Uda dta

indicates that improments In strand. grip. which tend to distributet Xppzg

1iMt s mre sati.sfAm~trily will lead to higher measured stress. v~av

Mtotaer in1terasif tiifwe ud btweenft """g am114I ~inaprocess NMO rigsO; it was foun~d that the preprog rings wer* msetyI$W

in strength t#"t in-process rings, Vor the 000, lots Of 'la". ;as* s0t4
otigin~l b~potheis tha 0ripetu mo*" :0pw", 7777t ' 1

4a F, W.",4E-
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explanation for the strength improvement must be found in factors other than

glass strength, Although no quantitative analysis is possible at this time, it

would appear that the differences would be related to composite differences such
as resin content, void content, interfacial shear, etc., or to resin differences

such as shear strength, wettability, rigidity, etc. Since ring testing appears
to be sensitive to one or more of these factors and does not measure a true1 physical property characteristic of any individual component of the composite,

caution must be exercised in attributing differences In NOL-ring strength to

j differences in the glass strength.

2. Gravimetric Dlate

Ia. Roving

I los o matria, exeptIgnition loss (or sizing content) for all experimental

lotsof ateiel exeptLot 2, has been very consistent both between late and
between rolls within a given lot. (Lot 7 is an exception but this is probably{ because Lot T represented the first DE filaments treated with HTS-type finish.)

This improvement is due, at least in part, to the practice of discarding a por-
j tion of the roving from the inside and outside of each cake package in which

sizing content is most variable. The variability at these positions is duw in
j pert to migration effects; these effects occur whbile the size is liquid,, prior

to and during the oven bakieout cyUle of the cake packages. Volatile losses are
probably the highest, on the outside of the cake packages, since that surface is

In direct contact with heated air during the oven cycle.
As with ignition loss, Veight per lineal yard has been

very consistent for all lots of roving. Me miaxiii wight rawg within any
given 84primental lot has been 0.015 g. This represents a "O lmproireat over

the previous IMS-N roving, for which a range of over 0.03D g wa usually measured.£b. Prepreg

ror the 1"Pegattloo Of all experimental lot, o terialI no deviation v"sa llo*d in the basic i ~.00ia process except as iq""ze to
:MAtain ',a utift= resin content. lb. main impregnation proceoling parimetrs
and AhrAW .~elvl eeI'""wo,

5 -
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PaNrameter Average Level

ITower temperature 360 t100F

Processing speed 65 !10 ft/mmn

Creel tension T50 8

Resin-gel time 4~ t0.25 minI The main parameters which did require adjustment be-
tween lots were the specific gravity of the resin bath and creel tension. Resin-

bath specific gravity is the most influential factor in the determination of

prepreg resin content. A change of 0.005 units of specific gravity causes a
1.0% change in resin content for 20 E UTS roving, with a ribbonization of 2 or

13, as suming otherwise constant resin pickup characteristics for the roving. The
influence of creel tension can be explained by reference to Figure 2, which isf a schematic diagram of a typical preimpregnation system. As showin In Figure 2,,
there are only two contact points at A and B prior to the oven. At E and f,

j work is applied to the roving, and the strand will tend to spread and break down

into individual ends. Roving surface area will become larger as the number of

iznbonded ends becomes larger, and, other things being equal, the resin content

will also become greater, since it is dependent upon the surface area of roving
exposed to the resin in the Impregnation W.t, Terefore, resin pickup will vary

directly with the amount of debouding that occurs at points A and S. fte effact
of creel tension is that, as it is raised, a greater amount of work will befapplied to0 the roving at these contact points, and, therefore, a greater asmwt

of .doboading can occur. To sum up, resin content will be dependent on rovingf surface area, at time of Impregntion; this, In turn,. is a function of degree of
end-to-end bond, number, and type of contact points and creel tension.

f U.S. Po~Lwric has indicated towt VeruabiUVt in ena.
to-eat b=4d is thei most Uirtat sag * wor" ~ erai r#$Vini* foPr

V-0- of 0 4 004:atbm~ bn"a ft wIU 4se4 _ev Ubs.A oe pe~

UtJ4v44 m . t ta*~~ he~ 4 ~~es 1 M~
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for eliminating work is the assumption that under these conditions the minimum

j amount of damage will be done to the roving. HIowever, since it is impossible

to eliminate all work from the process, debonding does occur for weakly bonded

roving. It does not occur as much for strongly bonded roving. At present there*I is no mthod for measuring end-to-end bond and therefore no quantitative analysis

of the effects of this property is possible. (The Owens-Corning ribbonization

measurement does not consider erA-to-end bond, since no method is incorporated

in the test to apply a controlled and reproducible amount of work to the roving.)

1 Zero-ribbonization roving has been suggested as one
means of eliminating the end-to-end bond problem since this type of roving, having

no end-to-end bond, would have a controllable and reproducible surface area.'
However, It is important to note that any degree of ribbonization is acceptable

j from the standpoint of resin content uniformity If both the end-to-end bond and

the work applied during the impregnation process are both controllable and re-

producible. Experience with several preimpregnators who have used zero-ribboni-

zation roving has indicated that the potential improvuent in resin content con-
trol with this roving may be superseded by other less desirable characteristics.I It appears that there Is a tendency for catenary and twist buildup to occur

during impregnation or zero-ribbonization roving. Normally,. these effects are3 resisted by the e-nd-to-end bond in standard roving. It has been reported that

there is a rather high degree of twist and cross-over in zero-ribbanixatiosi roving

and an apparent, lack of it in strandrd roving. Since the roving foraing process

is the same for both materials, it would appear that the end.-to-end bond in
standard roving simpy covers up these defects rather than being defect-free, a

is nomlly asumd. However, if a zero ribbonization. roving absolutely free of
twist and crossover could be supplied, it would result In a prepreg with improvedIband width and resin-content control.

An alternative to zaro-ribbonisetion rowln vuu h toIapply sufficient, work to the roving durirng Iapreato to overe te 4 AWW
dearee of end-to-end bond that siott exist In the toput roing- ~I* yotnezU4

I .to the roving wouad have to be tvasiftred in any attempt to salve the proba..

AA this innkr. Mowevor, both tsapr e a mUssr-ib4a

13J
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roving, are being investigated in the current program.

Thus far, two parameters which affect resin content

have been discussed. ONe factor, specific gravity, is related to the preimpreg-

nation process.; the other factor, end-to-end bond, is related basically to the

roving but is also affected by the preimpre~Emtion process. *Wo other roving

properties, which affect resin content and which can be treated quantitatively,

are weight per yard and ozing conten~t. However, as will be shown, these pro-

perties explain only a small. part of the resin content variation of prepreg.I If a constant resin pickup is assumed, a variation of ±0.03 g (±5*)/yd of roving
can accoun~t for a resin coitent variation of abouit ±0.6%. However, as was noted

previously, the total range of weight per yard in most of the experimental lots

of roving was only 0.015 g, whereas the range in resin content was 0.9% for the

best lot (Lot 7) and between 2 and 3.5f for all the other lots. It should also

be noted that extreme care could be exercised in the impregnation of the ex-

perimental roving since only one or two rolls of' roving were coated at any one

time, compared tc as many as 50 rolls under stanidard production conditions.

The contributions of sizing content to resin-content

variation is even smaller, since a vari.ation of !0.5f in sizing content can cause

a variation of only !0.06% in resin content. Actually Lot 7, which had the

lowest resin content variation, had one of the highest sizing-content variation's
of all the experimental lots of roving. Therefore, quantity of sizing and its

variability is not a fac tor of major importance.

Other roving properties which may affect resin content

are twist arnd crossover# affinity of the resin to the finish (wettability), degree

of bond between filaments within an end, and degree of penetration of the finish
by the resin. There may be other properties which might even be more important

then any of those suggested; however, the Important factor for anl the properties

in t.his WIMuP is that no quantitative valias tan -be assived to any of the* at ti
0m*, end therefore no quantitAtive analysis is possible. 7hat current quality

control at Ovens-Corning does not measure a property directly related to resin
pickg*) characetristic is indi.nated by the data* in Table 5; this -table 0hw bo he+A

lot avaragsf tthe Averag set deviation, and the hiif and low voau fpr the

IZ
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standard quality-control, tests that are currently applied by Owens-Corning to

20 E HTS roving. This data is for the experimental roving supplied 'for this pro-

gram. At least one measurement of each property was made for every roll of

roving. In addition to these properties, measurements of catenary, ribbonization,

I and yardage per pound were alpo made by Owens-Corning. Catenary and ribbonization

data are not included in Table 5 because Owens-Corning data indicated that the£ former property was invariant at a level of zero and that the latter property

was invariant at a level of 2 or 3. (Yardage per pound Is essentially the same5 as weight per yard, which was discussed previously.)

Although several of the properties shown in Table 5

5 may be eliminated a priori as being related to resin pickup, such properties as
wetout rate, stiffness, solids content, and volatile content could conceivably

effect prepreg resin content. However, when these properties are compared to

the prepreg resin content data also shown in Table 5, no correlation or trend is

ap p re t .C . C h a m b e r D a t a

3 Although in general the hoop filament stress at burst

of the 18-in. -chambers has been reltively high, few of the chambers have du-3 plicated the high glass stresses of the simple tensile tests. In the fabrication

of an l8-in.-chember, there are a number of variables which do not have a major3 effect on. simple tensile testing but which can affeat chamber performance.

Mioment alignment, winding pattern, tension uniformity, resin flow, air occlu-

sion, and mandrel, contour ore just a sampling of the parameters wbich can ad-

I versely affect chamber burst strength. Theoretically the strength In pure tension

of the input roving should be the isaxims burst stress that can be excpected of

3 a chmsber, and the difference betvee this value and the filment stress at burst

should indicate the efficiency of the fabrication process. in Figures 3 and 4P

3chaber flijont stress at failure is showt 14 tem of offiaiency factors based
x~input glass strength. In 7igure 3v the efficiency factor was obtained byI dividing ultiiwtq# hoop filament stresses by lot-average NOG-ring strength. in

J~ihe efficiency factor use's is 1 ltiate Wop fusot stress d1i4de by

Aerorcme stand jt ItAs; prnt-t 1~ra~~ b wr8~o
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the chambers failed at efficiency factors of 0.85 or higher. Although these

j figures do not indicate a perfect correlation between ultimate chamber filament

stress and either strand or NOL-ring strength, it does point out those chambers

for which a serious processing deviation probably occurred. In a positive sense,I the figures also indicate that at least 85f of the NOL-ring or strand strength

can be expected in a biaxially loaded chamber.

F. CONCLUSIONS

The study to date has produced the following significant conclusions:

1. The Lot 1 Improved package has resulted in a higher average

j dry-glass strength. This conclusion is substantiated by the strength of current

production prepreg. As shown in Table 6, the average lot strength of production
prepreg for the period between June 1962 and September 1962 was between ,6T,Q00

and 1.00,000 psi. Just prior to this period the average lot strength was about
340,,000 psi. These values indicate a significant upward trend, especially whenI compared to an average prepreg strand strength of between 260,000 and 300,000 Psi

for production prepreg received during early 1962. The original contention of
this progranm that improvements to the roving forming process and more intensive
quality-control procedures would recover a major fraction of the virgin-glass
strength appears to be validated by the strength of current production roving.

2. The pre impregnation process does not materiaJlij damage roving,
j but it does result in fabrication material which produces comosites equivaleat

to or better than those produced by the in-process or wet-impreuatiui process.

I . Current methods for measuring the tensile strength of glass
in a composite require modification and optimization before truly quantitative

analysis can be made of the efficiency of chamber proesing, desigme, and the

Influence of resin properties.

j I.~. A mthod for jaoiuring the resin pikpca~cea sor
46 -wing is highl desirable in order to guide the develqpmu of prepreg with Is-

prvd resin-content cont~rol and watout characteristics. *there a"' eee roving

properties of importance in this regart, and probly each sbou14 be treated
iadeentl. Ofin~jw Imortace ioal14 be IMtkodo to "Orw ad.o~db4

I'



I Report No. 2577
ll Phase I -Study of Roving Forming Process, F (cont.)

twist-and-crossover, and the variability of finish to wetting.

35. Zero-ribbonization roving would probably permit improved con-

trol of prepreg resin content and bond width. However, to be used successfully,

twist and crossover would probably have to be eliminated from the roving and

careful control would be necessary during Impregnation in order not to introduce

fiber misalignment. An alternative approach would be to form prepreg directlyI from single end strand, utilizing dies to form a band of uniform thickness and

1ith 6. Preliminary work with DE filaments has Indicated a potential

improvement to be obtained from their use. Although there appears to be noI strength advantage in filaments of smaller diameter, resin-cointent control, and
compoite uniformity may be improved.

I III. PHIASE II - PEIPRENATION VARIABLE STUY

A. PROGRAM OUTfLINE AND) TEST PROCEDURES

The object of the revised Phase 11 program was to obtain a clearer

j and more quantitative understanding of' the effects of pre inpregnation processing

parameters on the properties of prepreg roving. Thbe program was divided Into

four main subtasks, each containing several related parts. Thbese siuitasks wereI process-variable study, resin-content study, band-width study, and processabity

upon aging. Thle types of information to be obtained from the work ware the

j following: (1) Definition of the variation of resin content and band width

attributable to variation In the preimpregnat ion patamters, (2) datianmaticn

of the sensitivity of prepreg filament winding characteristics to variations o*t

prelompregnating processing parameters,# (3) definition. of both the Wxzia and

minim=a degree of polymerization necessary for satisfactory winding, and (4) the

effct of degree of polymerization on horizontal shear strength, VOL-rinkg tensilme

strength, strand strangth, 'Volatile content, atc.

A production lot of 20-end UCO 1J40/IITS roving wasuwed for Pbase 11.
Thiis material is representative of the improved, bi&i-stroagth glass roving In

*iih the -changes developed in Phase I were incorporated in a production raw..

I~e t~ral as riapote to qulitytonr4~onesu~lng ~ai #4~ P
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impregnation.

The resin system used for the Phase II program was the Shell 58/68R
in place of E-787 resin employed for the development work in Phase I. This

j change was due to the proprietary nature of the E-787 composition. Since Phase
Il was basi'nally a study of preimpregnation variables, It was necessary that
the actual composition of the resin be known so that processing effects whichI are attributable to the resin system would be capable of interpretation. The

Shell 58/68R resin system is formulated as follows:

IEPON 82R 50 Parts

EPON 1031-B80* 61.5 partsIMNA (methyl nadic go0H
anhydride)

Bt24A (benzyldiisethyl- Anont varied for the

amine) process variable studies
A single lot of the above components was used to prepare batches

of resin mix for the impregnation runs. Except for runs made on the sam day
with the same resin mix, fresh batches were prepared for all other runs just

prior to Impregnation.
1. Process Variable Sld

IA total of 16 rune was made to investigate seven voriables

which affect the processing characteristics of prepreg. Five of these variablesI with the region of study are tabulated below:

Process Variable liegio Of &tudy

SDN& content, PHR 0.35 to 0.75
Running speed, ft/mmn 55 to 83ITower temperature, OF 34O to 3W0

hesin solution~, up. gr. at O.ft to 0.863T50
Rlesin bath temperature, o 65 to T5

I 8 s olution of amQ 3.031 resin in, MKK

W-W 0 0IR-(W
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The study included investigation of at least three levels of each of the above

process variables, except for the resin-bath temperature, in which two levels

were investigated. Each parameter was investigated alone for its effect by

maintaining all other parameters constant under a fixed processing condition.

To a minor extent, interactions between the different parameters were investi-
gated by changing two or more of the variables within the same run. The two

remaining variables, creel tension and package geometry, were varied between

rolls of roving within each run but held constant within a given roll.

I For each run a set of parameters was predetermined and the

conditions were held constant throughout the run. Variations in processing3 conditions were recorded and allowed to vary within their range of normal vari-

ation unless an unusually high variation occurred. When this happened, material3 prepared up to that point was discarded and the run restarted. Each run co-

sisted of impregnating 10 rolls of roving for a total of 40 lb of prepreg. In

addition, three control rolls were processed concurrently to check for resin

pick-up, volatile content, and resin flow while in operation. The standard

i-I/8-in. waywind package was utilized for nine rolls of prepreg. The tenth

roll was fabricated with a thread-wound pattern and a lead of 0.166 in. (60

turns per 10-in, core length). Five of the waywind rolls and the thread-wound

roll were prepared at a tension of 2 lb applied at the creel. Of the other

four rolls two waywind rolls each were prepared at a tension of 1.5 and 4 lb.

I Changes during a run which occurred in the processing condi-

tion were followed by obtaining the gel time, specific gravity, and viscosity

of the impregeAting resin, and the temperature of the oven prior to, Immediately

after, and at 1/2-hr intervals during a run. At the start of the progm two

thermocouples were installed in each of the three towers. With a tower thermo-

stat control and temperature recorder, three temperature readings wer taken at

predetermined tm intervals as noted above. Miersocouples wm locatod at 1/4
-Uh distance from both ends of the tower so as to obtain a tempature profile*

of the tower.

191
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2. P.'-sinl C01tent Study

Two typ4es off devices were employed in an eafort to thoroug~hly

wet the roving and minimiZe variability of resin coontent In prepreg. One dcvice,

as sbown in Figures 5 and 6, eonsisted of three rollers mounted on two end

plates and was designed to apply preesure and to work the roving mhile immersed

in the resin bath. The other device (Figures 7 and 8) was intended to pre-vet

the roving and to permit resin penetration as it passed over a wet roller under
a light pressure applied at the creel.

3. Band Width Control

This task was included to develop a procedure for measuring

the band width of prepreg and to establish the dependence, if any, of band width

upon the various parameters used in producing prepreg in the process variable

study.

4. Processability on Agin

Rolls of prepreg from selected material lots were investigated

for aging characteristics to establish the range of resin polymerization., as
determined by viscosity index, necessary for satisfactory winding =nd Its car-

relation with composite strength properties. A prepreg material vas exposed to
controlled atmospheric conditions, and at predetermined time Intervals gel time

and viscosity measurements were taken. Concurrently,, composite test specims

which included SOL rings for both tensile and horizontal shear strength, were

fabricated and the winding ?haracteristics and physical changes of prepreg we

observed.

5. Tests 6Mlied to PEpreg

All incoming lots of prepreg aterial were Inspcted for quality

control by the standard acceptance procedures. Mw tests Inclufdd for 41so
tonatl lots vae the detteination of pwavimtic 44ta (Volatile, mmSI ContOnt,
a~d veight per linear yard of roving), strand tensIle strength, and resin tJlov.

Gel tim e ad viscosity index tests veo applied to determine the effects and

sensitivity to variations In PreIMPOSeatung processing peromtes. 2ies. two

2M0r"
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tests vere also applied to obtain aging data of prepregs exposed to a controlled

atmospheric condition and for correlation with respect to prepreg winding charac-

teristics. Procedures for the determination of viscosity index and gel time for

prepregs are described in Appendixes A and Bp respectively.

Bond width masurements and resin content determinations

within a roll were made in five locations spaced equally within a roll.* A pro-I cedure developed for measuring the band width of prepreg roving is described inI Appendix C.

B. DISCUSSION OF TEST RESULTS

I In order to evaluate prepreg material produced under variouas mmau-

facturing parameters and to analyze the significance of the results obtained, a

test method was necessary by which the proeessabiltity of the prepreg could be

measured quantitatively. 'The term processobility as applied In this report is
a generalized term which covers such diverse prepreg qualities as teck, greeaness,I fray, brittleness, etc., which are properties related to the resin. It is do-

pendent upon three interacting properties, prepreg resin content, solvent coupJ tent, end degree of polymerization. If these three properties axe at a fixed
level sad ncnvarient, the processabi].ity characteristics of the prepreg are no*-

I variant.
Standard nethods exist for the measurement of resin end solvent

j content. However, a test method for degree of polymrization of propeg resin

va only developed recently.

1 'lb.a resin test method is a kinemtic viscosity mssuewmt of mein
solution prepared by extraction of resin from pfepmg with IW (aim00Mthylo -I de
A detailed procedure established for this test is described in 4pWkfti A. flesea-
tsaelys tie viscoaity test Is based on the Preise that In solut4ow of the sem

concent a ft 1"2141004, vso Itis W -11Mctio of -Sul"4 *064 deeato o~

2 siatence to flov tbrfoii a *%plory tu&be in a viscamter dOsas~3. result
I in lowr efflu timmes. f.Ape 9show the results fat &typsift le0borto tost

that i. peroz~4 n thede l t o this test metho.J hi eI.t"k1p - +A o:A
1-II, ,_ : ,. 0 -. ,
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precise quant ity of resin was apportioned in several equal parts and the resin

advanced to different degrees of polymerization. Each resin sample was then

dissolved completely in an accurately measured quantity of dimethylformamide

(DNF). As shown in Figure 9, with known equal conzentrations and varied degrees

I of resin advancement between the solutions, the refractive index remained con-.

stant, but the kinematic viscosity of each solution was measurably lifferent.

fTo demonstrate the sensitivity of refractive index to concentration, several
known solutions of unequal concentrations were prepared and measurements taken.

Figure 10 is a representation of the data obtained and indicates that the re-

fractive index is a linear function of concentration. it was possible, there-

fore, to control the concentration of resin solution in.DMF by means of a re-

fractive index measurement. A viscosity measurement on the resin solution would

then indicate relative degree of polymerization.

1. Processability and AlIng of Prepr-eg

In addition to the evaluation of prepreg for the study of

manufacturing parameters, processability of prepreg upon aging was investigated.

Materials used in this study were those produced for the process variable in-

vestigation. These materials Included a few lots of prepreg which were relatively

green and had high tackiness. As prepreg was aged slowly at room temperature,

viscosity and gel time measurements were taken and at the sawe time cemposite

test specmns were fabricated. By means of this slow aging It was possible to

follow the whole range cf prepreg processability characteristics andi relate these

to polymerization changes by means of the viscosity index.

The results of the effects of aging on viscosity, esl time,

horizontal shear strength, and NOL-ring tensile strength ame sumried in Tables

7o 8, 9, and 10 respectively. For a few selected material lots, correlations
of the composite strengths with viscosity were made. Figures 11 to 17 show the

changes in viscosity, horizontal shear strength, and IMX ring strength it*$ .g

Jae of the material exposed at room temperature. 7he figures Indicate a deflnite

relationship of coMpoite strength properties with the viscosity index of pnr.;

ftr both horizontal -shear andi _*t-rij~g tensile apetflmen, strength increases ga"-

-alywith -inereaea in vcOsity until an:tmarne~ i~st sattain"d

-777" '.

r .
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Beyond this optimum range, strength drops off rapidly, generally at a rate faster

than the original rate of strength in~crease. However, the rate of viscosity in-

crese In this range Is slow as compared with the earlier stage of advancement.

Because of some fluctuat-ionz of test results, the optimum point of viscosity is

not clearly defined, but f.rom the aumrber of tests conduc ted, a tentative range

of viscosity for optimum strength properties may be determined - e.g., the data

indicate that a viscosity for optimum NOL-ring tensile strength and for the hori-

zontal shear strength is obtained at a range of 1-85 to 1.95 viscosity units
and 1.90 to 2.00 viscosity 4nits, respectively. At this viscosity range prepreg

is still within a region of good pr ccEssing characteristics but is approaching

a region of low tark.

it should be noted that these relationships hold only for the

j parti~cular process used to prepa7'e the composite,. If' a different rrecess were

used such as increased addition of~ hea't during winding, the curves would be

displaced.

Some of the variation that has been obtained in horizontal

shear strength of incoming material for production can be explained by the fact
that composite strength is dependent upon the viscosity of prepreg system at the

time of fabrication. Qualitative observation of Incoming materiel indicates

that the spread in the degree of polym~erization~ of standard prepreg is large
enough to affect horizontal shear strength.

No good co rrm.ation of the gel 1rime data to processability or

to degree of resi.- advancement In prepreg could be made. Generally, the results

ware erratic and the changes observed with aging time were small. Further dis.

cussion of the 9*1"~time data is presented in the following section of this report.

.1 'Me effect of aging or, strand strength and volatile content of

preprog vs also investiganted. Poast experiences have inditoted that, besides the

basic gloss strength, AeroROT preprig strand strength ws depoeident Ulmn the

s Ate of resin advancement at the time of specimen preparation. The results ob-3tained from the first few lots o! nsterial,, shown in Tables 11 and 12, did not
Indicte Any sigificanit chances with time, and testing was discontinued for the

4a
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subsequent aging studies.

VisrogIty data In relationt to aging for a few sclected runs

is presented in FiLgure 18. It can be seen that the shape of all curves for ma-I terials containizig the same amount of BDMA is very similar. 'This indicates that
for a given BI)MA corntent, the rate of resin advancement or polymerization is
relatively constant at a constant. temperature. Therefore, any storage life for

the material which it; used -up during B-Etagihng in the~ oven cannot be recovered.

Figure 19 is a composite curve made fromu a series of actual

aging curves of the type shown in Figure 18. Figure 18 indicates the spectrum
of processability changes which prepreg undergoes at rocom temperature, assuming

initially that the prepregs were green or lt_:su.ficiently B-staged. It should
be noted that the optimum range of viscosity for filament. winding, as shown in

I Figure 18, to be between 1.82 and 1.96 centistokes, is tentative since differences
in resin content and other associated qualities of the prepreg will alter the

handling and winding characteristics.

It --should be noted ailso dti c oplimum range of viscosity

IrA'AeX shown in FIgLrM 1) USISUmer a e'Onfln.7fhb110- prok-s The' fabrication

process could be modified sur~n that mterill, of hjLviscosity index c~ould be
ussible. As an example., the matoerial ccou.ld he niodifl'c. by Upplication of heat or

by other means to x'ed~uce the viscosity to makc; tne'~ m'uterial upplicable for fila-

ment wivndinZ. liovever, sucla a modiication of the f'abrication prtx.ess to ali~t

mate rial requirements~ is undesirable under production conditions from the stand-
pofr! or reproducibility, reliability, and per!!crme!xe.

I Figure 19 ulso sugests a possible approach to a reproducible

and predictable B-staged material for any degree o! resin advancement desired to

suit any particular process as well as a prepreg ith aiata storage life. This

ap~achwould be to produce a mate rial. uh1,cA Is slightly under-B-staged and

to allow it to advance slowly under control1led conditions until the desired pro-

ctssability properties are obtained. The 'viscosity index ould3 be used to follow

these changes -az4 define the point at which the material hs optim winding

properties.
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2. Process Variable Study

4 A summary of laboratory test data for all incoming material

produced under various processing parameters for this study is presented in

Table 13. These same lots of material were subjected to outgoing quality-control

inspection at the manufacturer's facility. This test data with the measurements

of the process conditions taken during the manufacture of these materials is

summarized in Table 14. To simplify and facilitate the analysis of the test

results, the data shown in Table 13 has been reduced and combined into appropriate

groups to illustrate the effect and sensitivity of various process parameters

upon qualities of preprego Tables 15, 16, and 1T show the effect of resin con-

tent, viscosity, arid gel time of a prepreg, respectively. Also, corresponding

data is graphically illustrated in Figures 20 throu# 30.

I a. Specific Gravity

Figure 20 shows the effect of specific gravity of the

impregnating resin bath on resin content of prepreg. In the region of specific

gravity, investigated with all other variables held constant at a nominal level,

J resin content of prepreg is increased by 0.22f for an increase of 0.001 units of
specific gravity as measured with a hydrometer at 750F. This direct relationship

is expected, since the concentration of a solution is a function of specific

gravity and greater amounts of resin solids are deposited on a roving for ,a given

volume of solution. Also, with increased concentration, the viscosity of a

solution correspondingly increases. This increase will have a direct effect on

the amount of resin picked up on a roving.

b. Running Speed

jAs shown in Figure 21, resin content is also related

directly to the speed with which a roving is passed thrOugh the i~reostion sys-

tea. The Increase in resin content is related to the reductice in drsisp time

o-f excess solution as copared to slower speeds. The choge in resin content a

approxivtely 0.13 increase for an increase of I ft per aminute of running speed.

I 25
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C. Flow

4 Within a range of viscosity satisfactory for filament

winding, resin flow is related directly to resin content of prepreg. Figure 22

9 shows a 1.1f change in resin flow for a change of 1% resin content. The slight

deviation of flow data from the curve may be traced to a large difference in

viscosity index for the material lots. Slightly higher resin flow is obtained

from prepregs which are less advanced (B-staged) than with prepregs of equi-

valent resin content with a higher degree of advancement. However within the

Iusual range of resin content and degree of polymerization in which prepreg is

used, resin content is the major controlling influence on flow.

I d. Viscosity

As discussed previously, the viscosity test has been
used to measure the relative degree of resin polymerization and has been satis-

factorily correlated to the processability of prepreg. The viscosity test was

I also applied to determine the effect of various amounts of BDMAI, running speed,

and tower temperature on the B-staging of the prepreg resin. In Figure 23 the

effect of tower temperature on the viscosity index of the prepreg is shown. Thes

lots of prepreg were all produced under a constant running speed with the resin

I conaaining the same amount of BDMA accelerator. It can be seen that the vis-

cosity index is directly related to the amount of heat in-put during the manu-

facturing process as measured by the tower temperature. Figure 23 shows that

for am increase of 100F tower temperature, viscosity is raised by 0.044 unit.

This is equivalent to one day of aging at room temperature (Figure 18). As noted

in Table l4, a considerable temperature spread was obtained within a tower Mhe

the temperature was measured at three locations and between the towers. Since

the deviation of tempetture from the fixed condition was significant, actual

measured temperatures were used instead of the fixed condition for plottig the

I data. An averoe temperature of the actual readings taken from both the Up
,hermocouple and the control gage of the first two towers was used. Althou& the

temperature of the third tower varied between runs from a nominal condition of

1500°, adjustments were not made for these differences in the calculation of

*verage tempersture. Sall temperature differences at this low level have a
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relatively minor ef'fect on viscosity as compared with the temperature effect

at elevated temperatures.

Figure 24 shows the effect of running speed on viscosity

of prepreg produced under a ~onstant Tower temperature. Again, the viscosity

change is shown to be related directly to the heat ia-put during the manufacturing

process. With increased running speed, dwell time irn the treater towers is re-

duced and the resultant effect is indicated by a lower viscosity index: the

viscosity change was 0.009 cerntistoke decrease for an increase of 1 ft per min-

ute of running speed. For this data analysis, viscosity was adjusted to correct

for the temperature variations obtained between runs. 9the relationship obtained

in Figure 23 was applied to adjust the data to a nm altemperature of 365 0 F.

The relationship of running speed to tower temperature is such that a variation

of 1 ft per minute running speed is equivalent to a 2'F change in. tower temn-

perature at a nominal tempe rature of 365 0F. It should be noted, however, that

all the data may be applicable only to the particular set of equipment and pro-

ceasing conditions utilized for this study. However, this approach to the develop-

ment of~ data for proc.ess control has a general applicability.

e. Gel Time

As with the analysis of viscosity data, the effect of

tower temperature and running speed on gel time is shown in Figures 25 and 26,
respentively. A nonlinear relationship appears to exist for the effect of tower

temperature on gel time. At a higher processing temperature the resin is a~dvanced

to a higher level of B-stage, ard the gel time is correspondinrgly lowered. How-

I ever, the rate of change in gel time is reduced considerably as the temperature

is increased. The data suggests that the polymerization reaction is highly sen-

sitive to small -changes in temperature. 'The reactior progresses rapidly In the

earl'y $taps to.a level in Aidch resin changes become less sensitive to tempera-

ture erfects. one possible *xplanatitft for this Ienwmnon could! be that the

,-sin at a hi~er level of B-stage becomes *ore viscous, and the reaction msy be
j subject to diffusion control rather then kinetic or thermodynamic eontrol. Another

possible explanation is that some fraction of the original amount of StIIA is
Valizd duigte at treatmnt.. C sno hegl.t ata for

4, 54
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virgin resin mixes (Table 14i) and prepregs (Table 16) provides substantial evi-

dence of this behavior. In some c.ases, longer gel time is obtained f~rom prepreg

than for the same resin mix from which the prepreg was made. Also, data to

support the contention of BrMA volitilization Is showri in Figures 27 and 28.

Figure 27 shows that gel time is definitely atffec-ted by the amount of BDMA con-
tained In the original resin mix ar.d, even upon aging, the gel time is distinct-Ily differo m t (dependent =n BDMA cs.,tent). Figure 28, correlating gel time with
aging, indicates a similar -type c-f iependence of gel time as obtained in Figure

j27, but the magnitude of differ ,t-4e was smaller. These prepregs were produced

with a resin mix nontaining rhs same amoui't of IBDMA buot processed under various

processing conditions.

'Me effee' of runnin~g speed on gel1 time is shown in

j Figure 26. As with the VIsc,,sity c~t.adjustmn' .s were made to gel-time data

to correct for the variation Ir ocwer tempera*'ire between runs. Based on Figure

25, a correction factor of MQ se:! pei 1 0Fdifference 'An to)wer temperature was
applied. Even with this adjustmen~t, a large sca'ter In. gel time was obtained.

These ssatters were especially evidinzt in tb . aging study.

f. Effec-, *f BUI4A

I Three 1l'!vels of Bt*4A accelerator content in the basic

resin formulatio)n were initially irivestigated to establish the optimm contentg for prepreg application. Strength properties of the cnuposites arid reactivity

of prepreg for both aging and storageability were. 73:nsdered for the selection

of BMI4 content to be used fo)r the --iinder of +hi runs. Tiata on gel time for

I various amounlte (,f B!DM is presented I.n Table 11, ard icorrespndiig data is show
grinpiisali.y in SPigure 29. It :!r be seen that the rearntivity of the Shell 58/681

j resin systes is more sensitive t + sma!l changp,, in the amouts of BDKA at a lover

range of BDIA content. ( osposI te st rengf % In hofizontal shetar is slightly superiorf with higher 1B4A content, bud not sigrLfitly ditferent iA the J(L-rin tengle

9~rnth.

I . Correlation of 'rel Time andI Visc sity

The data Indicates *.hat tho ga*tij tea-. in not so

7 !'

P",i; L mi
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reproducible or reliable as the viscosity test, and no direct correlation can

be made of the gel-time data to the processability of prepreg. However, the

value of a gel-time test lies in the determination of the reactivity of a pre-

preg system and, as such, compliments the viscosity data. Figure 30, shovingIthe relationship of7 gei time and viscosity, was derived from data presented

previously in Figures 23 -hrough 26. The large scatter z f points shoun in Figure4 30 is due in part to the l"arge variarnce in gel-time data and in part to the

devistio%6 of viscnsity data. In spite of the scatter, however, the type of

curve shown in Figure 30, ,s -useful for maTerlal ,.-perntlon and -.an be applied

for process optimization of' prepregs. Aa example of the type of material in-4 spection which can be applied is shown in Figure 30 for a prepreg containing

0.75 PIIR BDMA. in this case it is noted that the gel time is coisiderably l1ower

then is usual for the corresponding viscosity. This vwo-uld immediately show that

the material is too reactive and that st:)rageability 0.- bench Life of the material
would be appreciably sh-nrtenoed.

3. Re' ~-nS~d

Ia order2 1,r reduce the variability iff resin content in pre-

pregs, apecial devices were developed for this program ani applied as described

previously In. the ssction on teot proc,,cdure. lab-cratory test data of the two

runs produxced by utiliationi cf* fhE-se devices is' summarized ir. Table 18. Based
on ttardard deviatio*n of (),4 arcc 0.-34f as comparf d wit~h 0. 43 f of' the standard-

type material :,ta (T.1Abit 15)., the variability ^,f resin contlent between rolls

is rrot. impr,ved sig--ificartly 4'r m oTher material lots pr.: Iiced without the

special devices.

Table 19 suinmarizes the data of' resia cm~tent in prepreg for

various tensions applied at tht- t-'eel. The data show a slight tren~d to a higher

resin content with 1.5-1b creel tension as compartd, with 2.0 and 1k.0-db creelJ tensionp especially, for process conditions used to produce high resin contenat

%>bove 23f) prepregs. (Generally, however, the rc-sults were- inconistent. In~

order +..- gain a better unde rstvnding ol t.he ef fect ol totraon an resin content

ard tho. Lneznsist, ,ncies obtAine~d, roving teasions vee seasw~ed at varia~s- Joe&-
titxp betwet-.=tact pintsJ *Aile irn opartvrn. T 4 6,ee leasureaerts, 8va~m e
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in Table 20, indicate that tension introduced at the cr eel is immediately altered

after the first contact point (as shown in Figure 2 for the schematic diagram

of the preimpregnationi line) and that tension varies with time within the same
location. If roving tension is one of the contributing faators which affect the

resin content in prepregs, variations in roving tension as shown in Table 20 may
be a partial explanation for the variations observed within a material lot andI even within a roll.

~4. Package Geometry

For each impregnation run one of the 10 prepreg rolls was

wound with a thread-wound pattern with a lead of 0.116 in. as compared witha

I 3.125-in, lead of the standard waywind package. The objective of this study was

to determine whether any improvement o~r benefit is gained from a reduced packaging

lead angle over the standard pattern. Comparative results of the AeroROVE strand

test and fiber tensile strpnrgth calculated from the NOL-ring composite tensile

strength are presented inl Table 19. Strengthwise, there is no significant dif-

ference between the two packages, but uniformity in band width within a roll is

superior with a thread-wound package. 'No sudden band width changes, such as

those which occur at the traverse termination points of a waywind package, were,
observed, and no unusual winding problem was experienced during the specimen

fabricationi. However, the pakage lAd a tendency to flow out. and deform the pack-
age shape under a slight take-up winding tension, more so than for a standard

waywind package. This ccondition. was more clearly evident when winding a "green"

prepreg. It vas not possible to evaluate the influence of this factor (package,

I deformation) on proatssability and prepreg quality du.ring this progrm.

5. Band Width

I A relatively simple procedure has been developed, as described

it. Appendix C, for the measurement of the band width of prepreg roving. Three

ineaairewmts of band width wiere taken for each Specimen as onlows: Wx Vidal

uo unapooled directly from a package to represent the dependence upon the roving

and the proftssing paraieters used to produce prepreg, (2) width under tension
Srepresent a ;fsreati= condition %bere indig tensioni is nom~l~' applled,

g 1~.
4,
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and (3) width at the table edge under tension to represent a condition immediately

after being applied on the part. Band width measurements between rolls and withinI single rolls of prepreg are shown in Table 21. A definite change in band width
is noted for the three conditions of measurement. "Ibe amount of change appears1 to be related directly to resin content and inversely to the viscosity index of
the prepreg. Since prepreg processing variables affect both resin content and

the degree of polymerization, it may be concluded that band width roving is

dependent upon the variou~s parameters used in producing prepreg.

3 C.. COlCLUSIONS

The processing characteristics of prepreg have been shown to be veryI sensitive to levels of manufacturing parameters used in producing prepregs.
Test data shows that resin cznternt is affected directly by process variables such3 as 3pecific gravity of the impre&nating resin solution, running speed, and, to

scae extent, tension applied at the creel. Also, ban~dwidth is affected by varia-

tions in both resin (snte.nt and degree of polymerization, which in turn is ~
pendent on the prcessing paraiceers. The most significant~ single property of
prepreg which afftects prcocessability is the degree of resin polymrization (3-

U stajjing) if the resin and solvent content are relativeiy constant. Usnufactiaring

paamesters vhich affeat -.his property are tower texperature and running speed,I both of which are --elated to the amount of heat-entrgy input to the mte~iol~
during the manufacturr. H-Ywever. in spite of these relationships and their son-3sitive depenience on ltvela of proc:,ess variables, vez-y uniform end predictable
prepreps can be Mde if manufac'turing parsmters axe alosely controlled and inn-I tained.

An approach to setting quantitative limits for pr*Wreg 0=1 aacturlzag

j has bee-, dmamstrated by the application of the viscosity-ilies test assa Manh
of assigning differenoe. in processing dwracteriatics of preprep 1s. ftle e)"
haa siso 4euonstote4 the critical nee& for. ftss'aring degree of plpreto

2igthe early stes in the splctinof aW new resin to prepre;. 9*O~4

levels of wauftcturlug prowevc defined ink this propU are for a speeitic
jrocess, this approach has general apniability to otht'r prfpre; tctrn

I"~ W"
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This is the first time that quantitative data of this type defining

the manufacture of materials, has been developed, and it is considered a signifi-

cant breakthrough in the development of scientifically controlled processes and

materials in the field of reinforced plastics. Further studies recommended in

this area of development would be investigations of interactions between prepreg

processing variables and relationships of prepreg processability to the strength

of filament-wound internal pressure vessels.

!
!

i

.. .. . -- , - - ~ ~ * ~ s -. '

"i> J g#{{5;' "2 ::) :/: :) 4: ?,3 AA- i: :.5:: : --," 7<'ih



0 i C- P C C !

K ~ CC ~A

si I'il1



Reaport' No'. 25n:

'Cf

. . ---

- (C . OCZ ~ C 0 ~C, ~ c

*j atJ



1Repot n~o, 2577,

~RN4

4-, R

kIIt



Report No, 257

AI PAP

A A'

01 0 - - -

Agn XX pa **Xtds

IN Mia i

I~ it I



j~~~~A teor i~~2

c u

V1 ka



-$6,r :257

- --- - - *--1 -----
RIMRA®R

'Z J, '
IOUN '4 c

~ Ago



Re.port No. 2 57T

PIIt1 I C...r. 9.N 19 N NT

jMI i I II

HI



Report 0.o 2577

"A~

E IK



R~eport No. 2 577

!T -H IR 10 CQi

4~~~ WH O\4%W

Hc 00 Hl2C Q

*+, ;-.4it U

q0r

00

b

0 Is + +,i%4 A \0 cu t s A I

I UN

II U

+4 + + +' j* c?I l . l
'IS 0.0000C

I +1



j Beport lb. 2M~

TAE&~ 6

ULIIIMATE TENSILE STRWEGTH OF PRODUCTION PRPREG

INo. Rolls Strand Tensile Strengrth (Pei)
Date Lot. No.-Tse teaHig LOW

1April 1962 89/7911 13 337 359 298

Apr11 1962 90/7911 13 342 353 319

M ay 1962 91/F917 15 338 349 3o6

may 1962 92/F923 26 346 372 310

m ay 1962 94/n935 13 362 400 329

June 1962 95/P942 15 400 419 370

June 1962 96/F944 15 396 405 3T6

June 1962 97/7950 15 373 388 "35

July 1962 100/7961 15 383 406 328

July 1962 100/965 15 382 405 353

JTuly 1962 103/P973 15 378 402 352

juy16 0/ 5374 399 3531 uly 1962 107/*971 1 3T6 14i 360

IAiagzgt 1962 106/igT,6 15 381 39632

August 1962 108/7983 15 367 390 M3

r IL
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i EQUIPMENT:
THREE 302/304 STAINLESS STEEL ROLLERS. LENGTH - 42 IN. DIAMETER 3 3/4 IN.

g SIX 302/304 STAINLESS STEEL END CAPS FOR ROLLERS
SIX BRONZE BUSHINGS TO FIT END CAPS

I ROVING STRAND

Il ' /' II
I I
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II II I I m

I 15 INI-

SKETCH FOR ROLLERS IN RESIN BATH
(END VIEW)

Figure 5



Report No. 2577

fw

w

Nw

p09

IAI

Ii

e U

w

0
U

U I

--- -- ----- I d

ig )6

SL

I

I- 0

0
in

A.

0
3 3 a

Fiur 6



Report No. 2577

ROVING STRAND-

I 17 1/2 IN.

I 1.5 IN. .

PAN WITH PRE-WET ROLLER
(END VIEW)

A270:63-857

Figure 7
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AP?ENDIX A

PROCEDUa Kr 'ZME 10.1"EMIIATION OF VISCOSITY

IThe equipment for th, oeirrmi-.atoi of kiLnemali 2 viscosity incluces a

refractometer, calibrated Typte "o, 100 Canon-Fenske vizcomet.:,,r, graduated cylin-

ders, constant- temperature water bath, and a s-t p watc'h. The resin from 50 to

60 yards of prepreg material is, ext.racTFd with appro-ximately 50 ml of DMvW (di-

methyl formamide; refrac-tivi: irnd-x -f 1.4113M +_ 0CQ and 'he sol.u'Ancr f iltered

through Grade 5112 filter papE-r. A 5-lquanii- tr filtrate is then± stan-I ardzzed with DPT to refract,.ve index of l.L4 C : N 22 (2'+.9.L% solution by

weight of~ resin). For siandardizario.'n purpos-_ , JL ml f DC reduces approximately

0.0014 unit refractiv'- iry1.x. A 12.nil p&.V t  ,:. aL,-Aardized solution isI transfered to the OaoiT~-v~~ and t ~mtera-ur- of hesolutio.n

stabilized at 250 t0,2(')" lo- a or.at-.m rar wat er bath. .Fssing the

1solution 3 times thrz--ugh 'r vis- )m~+er is norma*I..>- satslfa:t-ry). Using a

stop watch, time required t:, fl,)- measured 7ua f E. I-:u:.ion throi,;gh the c'apil1-

aytube of thF vizcmete!r is det.'rminted An avterag~n efflux time is determined

Dn, three measurements takp~n f-.r r-a-h jti±wit a maximum zpr(.sd in measure-

mErnts of 0.5 sec fcr the.hr=e rcasding-, Ffflix -ime is .:orver*.ed !,.o viscosity

in centi stoke a/sec ly mu!~li~ h imE by isa. oftr the calibratedg visco~meter.

AI
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I
i APPENDIX B

PROCEDUE FOR THE DETERMINATION OF GEL TIM

I The equipment for the determination of gel time consists of the Fisher-

Johns melting-point apparatus, glass cover discs, and a stop watch. A small

segment of prepreg roving, approximately 1/8-in, long, i< cut and placed be-

tween the glass cover discs. This specimen is ple¢rei cn the melting-point

apparatus, which is preheated to a crnstant temperature uf 325°F (1630 C). While

heating, the resin is prcbed antil gelation has occurred as observed through

g a magnifying glass. The gelatin or t.hc end-point is rea:-hed when the resin

viscosity is increased to a point whore resin adheres to the glass surface and

forms a mass of globulcs a:c -ontrasted to a clear, transparent liquid for the

ungelled specimen. The gel time is tha-. period of time between the placement

of a specimen on the heated pla!.e and the forma+.ion :f a resin gel.i

i

i

i

I
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i
APPENDIX C

PROCEDURE F')IR THE BAND WIDTH MEASUREMEN-.'

For band width measuremF.n, with no pressu:-f appiftd, prepreg roving -n-

spooled directly from a package is laid flat on a table and measurements taken

to the nearest 0.001 in. using a mic:rc'meter calip~r. For band width measurement

with pressure applied, a prepreg r.oving 6-ft long is tied at one end ts a fixed.

pin or a hclder, and a 10-lb weigh.r is attached t: the other end. The w-ighted

end is then suspended over the edge of *he tabe. which jis masured 4 f1 from

the pin. Three band width meas-jiemeiits are take- aio)ng t-s length of the speci-

men at 1-ft innrements from 4he pi:, Areas of sudden band width change, such

as those ocrurrinE aT. *.h: .r~v s' . trmiraticn p, ii.- )f a waywind package, are

avoided for t.he measremert- ._-,t.er measuremeor t_ taken at the table edge,

where the larg-st spread in ba&na w:Ith o urs und-r tension.

I
I
I
I
I
I 7
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